In this study, five known sesquiterpene lactones (STL) with an α-methylene-γ-lactone motif, including two eudesmanolides, 1-hydroxyalantolactone (1) and ivangustin (2), and three 1,10-seco-eudesmanolides, 1-O-acetylbritannilactone (3), 1,6-O,O-diacetylbritannilactone (4), and 6-O-(2methylbutyryl)britannilactone (5) were isolated from the flower heads of the medicinal plant Inula britannica. Their structures were characterized by spectroscopic methods. X-ray data of 2 is reported for the first time. Among them, eudesmanolides 1 and 2 exhibited remarkable cytotoxicity against HEp2, SGC-7901 and HCT116 human cancer cell lines, comparable with etoposide (Vp-16) used as reference drug. Furthermore, treatment of HEp2 cells with 1 induced apoptosis associated with cleaved procaspase-3 and PARP. The biological assays carried out with normal cells (CHO) revealed that all sesquiterpenes were weakly selective against the cancer cell lines tested.
Inula britannica L., (also known as British yellowhead or meadow fleabane) from the Asteraceae family, is one of the most popular and multi-purpose traditional Chinese and Kampo medicinal herbs [3] . In our ongoing search for bioactive metabolites from plants and endophytic fungi [4] , five sesquiterpenes with an α-methylene-γlactone motif, including two eudesmanolides (1, 2), and three 1, 10seco-eudesmanolides (3-5) were isolated from the flower heads of I. britannica. In this study, we report the isolation, identification, and cytotoxic activity of compounds 1-5 and mechanisms of actions on HEp2 cells of 1.
The EtOAc-soluble fraction of the ethanolic extract of the dried flowers of I. britannica was subjected to repeated silica gel column chromatography, followed by purification by either preparative TLC or through recrystallization from EtOH to afford five compounds (1−5) ( Figure 1 ). By comparison of their spectroscopic data with those published in the literature, these compounds were identified as two eudesmanolides, 1-hydroxyalantolactone (1) [3a, 5] and ivangustin (2) [3a, 5] , and three 1,10-seco- 6] , and 6-O-(2methylbutyryl)britannilactone (5) [3b, 6] . Compounds 1 and 2 had been mainly isolated before from I. japonica [7] and I. britannica [3a, 3b, 5, 8] , and their structure differences are just the location of a double bond in one of the six-membered rings, the double bond in C4 and C5 position for 1 and in C5 and C6 position for 2. Fortunately, we obtained a white cubic crystal of 2, and its X-ray diffraction data using a SuperNova, Dual, Eos diffractometer with Cu-K radiation, unambiguously verified its absolute configuration ( Figure 2 ). To our best knowledge, this is the first report of X-ray data of 2 (CCDC-1019643, www.ccdc.cam.ac.uk/data_request/cif). Furthermore, the purity of all compounds was confirmed to be greater than 95% by HPLC with UV detection prior to their use in the evaluation of their biological efficacies (Supplementary data). All compounds were assayed for cytotoxicity against three human solid tumor cell lines, HEp2, SGC-7901 and HCT116 by using a reported method [9] , and the results (IC 50 ) are shown in Table 1 . A striking feature of Table 1 is that both eudesmanolides 1 and 2 (6/6/5-tricyclic compounds) exhibited remarkably higher cytotoxicity than 1,10-seco-eudesmanolides 3−5 (6/5-bicyclic compounds) against the three cancer cell lines. Among the sesesquiterpenes, 1 was the most cytotoxic, showing IC 50 values of 3.32, 6.53 and 5.62 µM against HEp2, SGC-7901 and HCT116 NPC Natural Product Communications 2016 Vol. 11 No. 1 7 -10 cells, respectively, comparable with the commonly used chemotherapeutic drug etoposide (Vp-16, IC 50 data of 2.36, 6.56 and 3.56 µM, respectively). This result suggested that compound 1 would exhibit more sensitivity to laryngeal cancer cells, and 1 was selected for mechanistic investigations in HEp2 cells. Moreover, we tested whether compounds 1-5 had any differential sensitivity to normal versus cancer cells. The cytotoxicity against the normal cell line CHO is shown in Table 1 ; the sensitivity of all compounds was low with approximate IC 50 data, suggesting that these compounds may have weak selectivity toward the cancer cells tested. To determine whether the inhibition of cell growth was related to cell apoptosis, HEp2 cells were treated with compound 1 at concentrations of 3 and 6 M, and the cell cycle distribution was measured by flow cytometry. As shown in Figure 3 , treatment with 3 µM and 6 µM of 1 for 48 h induced a significant increase of apoptotic cells with 23.6% and 28.2% hypodiploid cells (sub-G 0 ), compared with the untreated control with 7.1% sub-G 0 cells. These findings suggest that pro-apoptosis of 1 against HEp2 cells was involved in its excellent cytotoxicity. Apoptosis induction is characteristic of many known anticancer agents, and apoptotic pathways will ultimately lead to the cleavage of procaspase-3 and its substrate, poly-ADP-ribose polymerase (PARP) [10] . Furthermore, a Western blotting analysis was used to detect the activation of caspase-3 and PARP after treating HEp2 cells with 1 at different concentrations (1.5, 3, 6 µM). The results from Figure 4 show that 1 induced a significant dose-dependent decrease in procaspase-3 and the cleavage of its substrate PARP, indicating that 1 could induce caspase-dependent apoptosis in HEp2 cells. This is the first report about the mechanism of action of eudesmanolide 1 on laryngeal cancer cells.
Studies of the structure-activity relationship of sesquiterpene lactones (STL) have established that one of the structural requirements for significant cytotoxic activity is the ,-unsaturated carbonyl motif in a lactone or ketone [2c, 3d] . This motif has a high tendency to form adducts with thiols of proteins or residues by Michael-type addition to induce DNA-fragmentation and apoptosis [10, 11] . Reportedly, STL-containing plants have long been known to induce a contact dermatitis in exposed farm workers, and also to cause several toxic syndromes, especially regarding genotoxic potential and embryotoxicity [12] . It could be seen from our data that the isolated sesquiterpene lactones all showed moderate to good cytotoxic activities, while exhibiting weak selectivity toward normal cells. The present study demonstrated that eudesmanolide 1 presented slightly stronger cytotoxic activities compared with 2, suggesting that the double bond at the C5-C6 position may also be another structural component responsible for the activity. Compounds 4 and 5 displayed higher in vitro anticancer activity than 3, suggesting that introduction of lipophilic groups of acetyl (3) and 2-methylbutyryl (5) at the C-6 position is important for improved potency. In conclusion, this study reports the identification, cytotoxic and pro-apoptotic activities of five known sesquiterpene lactones from I. britannica. Among them, eudesmanolide 1 exhibited the strongest cytotoxicity against HEp2, SGC-7901 and HCT116 cells, comparable with the positive control etoposide. The cytotoxicity induced by 1 against HEp2 cells was mediated by a pro-apoptosis mechanism associated with the cleavage of procaspase-3 and PARP. The results indicated that 1 could act as a potential anticancer hit against HEp2 cells and would be worth being developed into new anticancer leads by structure optimization.
Experimental
General: Column chromatography (CC) was performed over silica gel Qingdao Marine Chemical Ltd.) . Compounds were visualized either in UV light (254 nm) and/or by staining with 5% phosphomolybdic acid followed by heating. All NMR spectra were recorded on a 500 MHz Bruker NMR spectrometer. Mass spectra were recorded on an ESI-Thermo Fisher LTQ Fleet spectrometer (Thermo Scientific). Analytical HPLC was performed on a Waters 1525 series with a C18 column and UV detection at the maximum absorption wavelength. Other chemicals used in this study were commercial analytical-grade reagents.
A single crystal of 2 was obtained by recrystallization in ethanol. A suitable crystal was selected and analyzed on a SuperNova, Dual, Cu at zero, Eos diffractometer. The crystal was kept at 293(2) K during data collection. Using Olex2 [14] , the structure was solved with the Superflip [15] structure solution program using Charge Flipping and refined with the ShelXL [16] refinement package using Least Squares minimization. The X-ray structure and crystal parameters are shown in Table S1 (Supplementary data).
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Extraction, isolation and purification: Air-dried flower heads (25 kg) were extracted with 95% EtOH (3×200 L) for 12 h under reflux. Evaporation of the EtOH solutions under reduced pressure gave a crude extract, to which water (10 L) was added. The aqueous extract was successively partitioned with light petroleum (PE, 3×10 L), EtOAc (3×10 L), and n-BuOH (3×10 L). The EtOAc-soluble part (1 kg) was subjected to chromatography on a silica gel column eluted with a gradient solvent system of PE-EtOAc (100:0), (9:5), (7:5) and (1:1) . Then, the PE-EtOAc (1:1) fraction (250 g) was chromatographed on a silica gel column (200-300 mesh) eluting with a step gradient of PE-CH 2 Cl 2 (80:20), (50:50), (20:80) to give 3 fractions (A-C). Compounds 1 (230 mg) and 2 (106 mg) were purified from fraction A. Compounds 3 (25 g) and 4 (890 mg) were isolated from fraction B. Compound 5 (128 mg) was isolated from fraction C. These compounds were further purified by recrystallization from EtOH and their structures identified by comparison with spectral data in the literature [3a, 3b, 5-7, 13] .
Cytotoxicity assay: All sesquiterpene lactones were tested in vitro for cytotoxicity by the SRB colorimetric assay [9] , which estimates cell number indirectly by measuring total basic amino acids of cultured cells. Briefly, HEp2 (laryngeal cancer), SGC-7901 (gastric cancer), HCT116 (colorectal cancer) and CHO (Chinese hamster ovary) containing 3000 cells per well were added to 96-well plates and the cells were allowed to attach for 24 h. Then the medium was replaced by fresh medium and cells were incubated with various amounts of the test compound for an additional 48 h. After incubation, cells were fixed in situ with cold 10% trichloroacetic acid (TCA), and plates were incubated for 1 h at 4 o C. Thereafter, plates were washed 5 times with distilled water and air dried. Sulforhodamine B solution at 0.4%, w/v, in 1% acetic acid was added to each well and plates were incubated for 20-30 min at room temperature. The unbound dye was removed by washing 5 times with 1% acetic acid and plates were air dried. Bound sulforhodamine B was solubilized with 10 mM Tris (pH = 10.5), and the absorbance was read at 560 nm using an Epoch (Bio-Tek) microplate reader. DMSO served as the negative blank and etoposide as the positive drug. The percentage of cell viability was calculated as follows:
Cell viability (100%)= (OD 560-treated -OD 560-Blank )/(OD 560-control -OD 560-Blank ) × 100%
Cell cycle analysis and apoptosis assay:
Cell cycle distribution and apoptosis on HEp2 cells were assessed by flow cytometry. After treatment with test compound 1 at the indicated concentrations for 48 h, cells were centrifuged and fixed in 70% ethanol at 4 o C overnight and subsequently resuspended in PBS containing 100 μL RNase A and 400 μL PI. Cellular DNA content, for cell cycle distribution analysis, was measured using a BD™ FACSCalibur flow cytometer and analyzed using a CellQuest software package (BD Biosciences). Twenty thousand events were collected/sample. Mean values from 3 independent experiments are presented.
Western blotting assay: HEp2 cells were treated with the indicated concentrations of Vp-16 and 1 for 48 h; cell pellets were collected and lysed with RIPA lysis buffer containing 0.5 mM phenylmethylsulfonyl fluoride (PMSF) and protease inhibitor cocktail. The protein concentration of cell samples was analyzed by using a BCA method. Equal amounts of proteins of each sample were electrophoresed on 10% SDS-PAGE gel and electrotransferred onto a NC membrane. After incubation with appropriate primary and secondary antibodies, protein blots were detected by using ECL solution and ChemiDoc XRS+ imaging system (Bio-Rad, USA). β-Actin was used as loading control.
Supplementary data: NMR spectra， X-ray data and HPLC are available free of charge at http://www.naturalproduct.us
